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using the pRNA-3WJ as core scaffold at the vertices. Here we extended our previous 2D work to design and construct 3D RNA nanoparticles with controllable shape and size.
Tetrahedral geometry is attractive because of their intrinsic mechanical rigidity and structural stability. It is a pyramidlike structure with four triangular faces and six edges. Several methods have been used to construct DNA based tetrahedrons, such as an origami approach based on a long single DNA strand, [26] complementary hybridization of strands using sticky ends, [27, 28] and hierarchical assembly of tiles. [29] RNA is an attractive alternative building block due to its high thermal stability [30, 31] and versatility in structures [1, 32] well beyond the simplistic canonical Watson-Crick base pairing in DNA nanostructures. Herein, we used our well-characterized ultrastable 3WJ motif [15, 23] as core scaffold to construct tetrahedral architectures. The RNA tetrahedrons have defined 3D structure as revealed by atomic force microscope (AFM), as well as by single-particle cryo-electron microscopy (cryo-EM) that has long been found to be very challenging in imaging pure RNA structures without forming complex with proteins. [33] Moreover, for the functionalization of the RNA tetrahedrons, aptamers, ribozyme, and siRNA were placed at the edges of the RNA tetrahedrons with high precision without disrupting the overall structure. Importantly, the functional modules were incorporated prior to the assembly of the RNA tetrahedrons to ensure the production of homogeneous nanoparticles with high yield. Biodistribution studies revealed that RNA tetrahedrons functionalized with EGFR-targeting RNA aptamer specifically targeted orthotopic breast tumors without detectable accumulation in healthy vital organs. The RNA tetrahedrons are envisioned to have a broad impact in nanotechnology arena, such as for organizing nanoscale materials with high precision, encapsulation of functional materials within its hollow cavity, targeted therapy to diseased cells, and as image-guided delivery vectors.
In this study, the pRNA-3WJ motif [15, 23] (Figure 1a ) was used as a core module and placed at each of the four vertices to build RNA tetrahedrons (Figure 1b) . A total of four RNA strands were designed consisting of four pRNA 3WJ core sequences and six linking RNA sequences. A 3D model of the RNA tetrahedron ( Figure 1c ) was then generated using computational modeling software UCSF Chimera, [34] Swiss PDB Viewer (http://www. expasy.org/spdbv/), and PyMOL Molecular Graphics System (https://www.pymol.org/). The resulting computational model exhibited authentic tetrahedral conformation. For assembling the RNA tetrahedrons, the four RNA strands were synthesized by in vitro transcription and then mixed in stoichiometric ratio and annealed in 1× Tris buffer in a one-pot manner.
Step-wise assembly of the complex was observed by native polyacrylamide gel electrophoresis (PAGE) (Figure 1d ).
The Watson-Crick base paring properties of DNA and RNA have led to their development as excellent building blocks for the construction of nanomaterials by bottom-up self-assembly. [1] [2] [3] [4] [5] [6] For constructing larger architectures by directional or angular extension, it is necessary to extend the building blocks with a defined angle or orientation. This has been challenging for DNA since one helix turn of 360° is 10.5 nucleotides for the regular B-DNA. A non-integer per helix turn will result in the twisting of the extension angle or the restriction in orientation control. In RNA, the number of nucleotides per helix turn is an integer of 11 for A-form RNA, which is a common structure for most RNA sequences. We propose that this unique property of RNA will enable RNA structural growth with precise one directional control, which will facilitate the construction of large size architectures for materials science, computer device, and biomedical applications.
RNA nanotechnology is an emerging field that involves the design, construction, and functionalization of nanometer-scale particles composed mainly of RNA for applications in biomedical and material sciences. [1] Previous reports have shown that a variety of RNA nanostructures can be constructed with defined sizes, shapes, and stoichiometry, including triangles, [7] squares, [8] [9] [10] bundles, [11, 12] 2D arrays, [7, 13] hexamers, [14] [15] [16] and 3D cages [17] [18] [19] by bottom-up self-assembly based on intra-and inter-RNA interactions. We have extensively utilized the structural features of bacteriophage phi29 packaging RNA [20] to construct varieties of RNA nanoparticles via loop-loop interactions, [11, 14, 21, 22] palindrome sequence mediated foot-to-foot interactions, [11, 21] and three-way junction (3WJ) motif. [7, 21, [23] [24] [25] More recently, we constructed 2D polygons such as triangle, square, and pentagon [25] 
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For 3D RNA tetrahedrons, the most convincing structural characterization in their native state comes from single-particle cryo-EM studies. We first analyzed the 3D structure of the 8 nm RNA tetrahedrons with two-helix turn per edge (Figure 1f ). Single-particle 3D reconstruction was applied by analyzing a total of 1254 particles collected from cryo-EM images and achieved a final resolution of 19 Å (gold standard criterion, 0.143 Fourier shell correlation, Figure S1 , Supporting Information). The 3D reconstruction data revealed that the RNA tetrahedron has a clear overall shape consistent with the computational 3D model ( Figure 1c ) which agrees with the predicted size of 8 nm. The 2D computed projections of the reconstructed RNA tetrahedron 3D model showed clear match to the 2D class averages of the raw particles, suggesting the reconstructed 3D model truly represented the native structure and conformation of the designed RNA tetrahedron. The images from cryo-EM accord with the global images obtained by AFM imaging (Figure 1e ). However, the central cavities of each tetrahedron were too small to be resolved by AFM and gave an apparent size of 12.5 ± 0.6 nm. The observed size discrepancy is due to limitations in the diameter of the AFM tip. To further characterize the size of the RNA tetrahedrons, dynamic light scattering (DLS) was performed. DLS assumes that the particles have an average globular geometry in solution. The apparent hydrodynamic size of the RNA tetrahedron was determined to be 8.5 ± 2.4 nm (Figure 2a) .
The surface charge of RNA tetrahedrons, measured as zeta potential, was also evaluated by DLS. As expected, due to the phosphate backbone of nucleotides, RNA tetrahedrons have a negative surface charge with a single peak at −14.9 ± 1.0 mV. This negative surface charge is advantageous for the overall colloid stability of RNA nanoparticles and prevents forming aggregation in solution. Moreover, negative surface charge could also reduce the non-specific interaction of the nanoparticles with the reticuloendothelial system (RES) and minimize non-specific cell entry, which is attractive for in vivo targeted drug delivery and theranostic applications. [35] To assess the thermodynamic stability of RNA tetrahedrons, we investigated their melting temperatures (T m ) by measuring their fluorescence intensities in the presence of SYBR Green II dye with the change of temperature on a real-time PCR machine. Melting experiments revealed that the assembled RNA tetrahedron had a very smooth, high-slope temperature dependent melting curve with a T m of 71.3 ± 1.8 °C. The high slope indicates cooperative assembly of the tetrahedron from its four component strands. Moreover, we compared the melting curve of RNA, 2′-F RNA and DNA tetrahedrons. The results showed that 2′-F RNA tetrahedrons was the most stable with a T m of 77.7 ± 2.4 °C, followed by RNA tetrahedron with a T m of 71.3 ± 1.8 °C, and finally DNA tetrahedron with a much lower T m of 58.3 ± 0.5 °C. These results were in agreement with previously reported thermodynamic stability of nucleic acids with the order of stability: 2′-F RNA > RNA > DNA. [30, 31] To investigate their enzymatic stability, we incubated unmodified and 2′-F modified (U and C nucleotides) RNA tetrahedrons in cell culture medium with 10% FBS (fetal bovine serum) ( Figure S2 , Supporting Information). At specific time points, aliquots were extracted and evaluated by native PAGE. The unmodified RNA tetrahedrons were degraded within 15 min, while 2′-F counterparts were stable over an extended period of time, well beyond 24 h. The resistance to serum-mediated degradation combined with the high thermodynamic stability is particularly attractive for the in vivo application of these RNA nanoparticles.
To demonstrate the precise tunable sizes of the RNA tetrahedrons, we designed a larger 17 nm RNA tetrahedron in which every edge of the tetrahedron was extended to 55 bp equal to five helix turns ( Figure S3 , Supporting Information). This larger nanoparticle has the same overall tetrahedral geometry in our design (Figure 3a) . Upon annealing the fourcomponent strands in one-pot self-assembly, the larger RNA tetrahedron assembled with high efficiency, as revealed by native PAGE analysis (Figure 3b) . DLS experiments revealed that the hydrodynamic diameter of the larger RNA tetrahedron was 16.9 ± 1.6 nm, which is in agreement with the designed dimensions ( Figure 3c ). Moreover, AFM imaging was clearly able to resolve the tetrahedral morphology along with the inner cavities (Figure 3d ). Since the RNA tetrahedrons were dried on the APS-modified mica surface before imaging in air, flattened tetrahedral shapes were observed. The RNA nanoparticles were also highly homogenous in shape and structure, demonstrating the robustness of the self-assembly of RNA tetrahedrons. Cryo-EM image further showed the very clear RNA tetrahedron nanoparticles (indicated by red circles) with the expected sizes and geometries (Figure 3e ). Single-particle 3D reconstruction of a total of 1582 particles collected from 131 cryo-EM images achieved a resolution of 23 Å (gold standard criterion, 0.143 Fourier shell correlation, Figure S4 , Supporting Information).
To evaluate the application of tetrahedrons, four different functional modules including a hepatitis B virus (HBV) ribozyme, fluorogenic aptamers for malachite green (MG) or Spinach, and a streptavidin-binding aptamer (Figure 4a) were incorporated into the tetrahedron structure. The sequences of the functional modules were simply fused with the sequences of the 3WJ core, and then synthesized by in vitro transcription. After annealing the strands, the step-wise self-assembly was evaluated by native PAGE analysis to confirm the successful assembly of the RNA tetrahedrons (Figure 4b) . Functional assays were then conducted to determine whether the modules retained their authentic folding and functionalities upon incorporation into the RNA tetrahedrons.
The HBV ribozyme is a hammerhead ribozyme that can target and cleavage the 135 nt HBV genomic RNA substrate. [36] The HBV ribozyme was fused to the RNA tetrahedron by extending one of the strands of the nanoparticle. After incubation with the RNA tetrahedron harboring the HBV ribozyme, the HBV substrate was cleaved into fragments with smaller molecular weights, as revealed by PAGE analysis (Figure 4c ). The yield of the cleavage reaction was comparable with the positive control (pRNA harboring HBV ribozyme). In contrast, RNA tetrahedron by itself or harboring disabled HBV ribozyme (G→A mutation in catalytic site) had no catalytic effects. The result confirmed that the designed multifunctional RNA tetrahedron successfully escorted the HBV ribozyme, and the catalytic activity was retained after ribozyme sequence was fused to the tetrahedron.
Both MG [37, 38] and Spinach [39] aptamers are well-characterized for their fluorogenic properties, which emit fluorescence upon binding of their respective dye targets, triphenylmethane and 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI). To verify that the MG and Spinach aptamers incorporated into the multifunctional RNA tetrahedron are still functional and folded correctly, fluorescence studies were performed using a fluorospectrophotometer. The fluorescence emission spectra showed that both the aptamers retained their ability to bind their respective dyes and emitted strong fluorescence at a similar level to the positive control, indicating the retention of the correct folding and functionalities of these fluorogenic aptamers (Figure 4d,e) . The fluorogenic modules fused with tetrahedron nanoparticles can have potential applications for imaging these nanoparticles in cells.
Upon incubation with STV agarose resins, the multifunctional RNA tetrahedrons harboring STV aptamer [40] successfully bind to the resin with high affinity and were eluted by biotin (Figure 4f ). In contrast, the negative control tetrahedron did not bind to the resin and also did not show up in the elution fractions. The results indicated that the fusion with RNA tetrahedron did not interfere with the native structure and function of the STV aptamer. Moreover, in PAGE analysis of the eluted multifunctional nanoparticles harboring MG and Spinach aptamer, they still retained their fluorogenic properties, indicating that the RNA tetrahedron structure promoted the correct folding of the two aptamers after fusion into the RNA nanoparticle ( Figure S5, Supporting Information) . The results demonstrated that the fused STV aptamer could be potentially employed as a handle to specifically purify the assembled multi functional RNA tetrahedrons by using STV agarose resins. Dual-luciferase reporter assay was utilized to study the gene silencing effects of the RNA tetrahedron harboring four siRNAs targeting the same region of the firefly luciferase gene ( Figure S6 , Supporting Information). The Renilla luciferase, which was not the target of the luciferase siRNA, served as an internal control. The relative ratio of the expression level of the firefly luciferase to the Renilla luciferase was used to evaluate the targeted gene silencing effect in MCF-7 cells upon transfection. The results revealed that the tetrahedron harboring four luciferase siRNAs with 1 × 10 −9 m concentration achieved ≈90% gene silencing which is similar to the positive control of luciferase siRNA only at 4 × 10 −9 m concentration. In contrast, the tetrahedron only and scrambled control did not show any noticeable gene silencing effects (Figure 5b) . These results demonstrated that luciferase siRNA still retained their gene silencing ability after incorporation into the RNA tetrahedrons, suggesting that RNA tetrahedrons could serve as an efficient vehicle for intracellular siRNA delivery.
For effective cancer therapy, it is critical to guide therapeutics to specific cancer cells. The epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases (RTK) is highly prevalent in both primary tumors and metastatic breast cancer cells, making them an ideal candidate for targeted therapies. [41] RNA aptamers have been developed to bind to EGFR receptors [42] [43] [44] [45] with high selectivity and sensitivity. Here we incorporated EGFR targeting RNA aptamers into RNA tetrahedrons ( Figure S7 , Supporting Information) and evaluated their cellular binding by confocal microscopy (Figure 5a ). Alexa647 (red) labeled RNA strand was incorporated into tetrahedrons for fluorescence imaging. Tetrahedrons without EGFR aptamer were used as negative control. Confocal imaging showed that tetrahedron nanoparticles with EGFR aptamers strongly bound to EGFR(+) MDA-MB-231 cells (Figure 5a) , as revealed by the co-localization of the Alexa647-labeled RNA (red) and cellular actin (green) (Figure 5a ). In contrast, negative control "naked" tetrahedrons without the EFGR aptamer showed negligible cellular binding. The results suggest that the EFGR aptamer could facilitate the binding of RNA tetrahedrons to EGFR-expressing cancer cells.
For studying the in vivo cancer-targeting properties of the RNA tetrahedrons, we generated orthotopic breast cancer mouse models by injecting MDA-MB-231 cells directly into the mammary fat pad of athymic nude mice [46] to generate xenografts. Nuclease-resistant 2′-F RNA tetrahedrons harboring EGFR aptamers and Alexa647 were systemically injected into mice and their biodistribution was monitored by whole-body imaging. The mice were sacrificed 8 h post injection and their organs were collected for ex vivo imaging (Figure 5c ). RNA tetrahedrons were not detected in any other organs except the breast tumor, indicating that the nanoparticles were cleared from normal organs quickly and did not accumulate in the liver, lung, spleen, or kidney after systemic injection. In another confirmatory animal trial by using an EGFR-expressing KB cells xenograft mouse model, similar cancer-targeting ability of the RNA tetrahedrons was also observed ( Figure S8 , Supporting Information). The selective cancer-targeting ability of the RNA tetrahedrons would make this delivery system an attractive candidate for future targeted cancer imaging studies and/or cancer therapy.
In conclusion, here we report the design and self-assembly of multifunctional 3D RNA tetrahedrons based on the ultrastable pRNA-3WJ motif. The constructed RNA tetrahedrons have defined 3D structures as revealed by both AFM and singleparticle cryo-EM. The size of the RNA tetrahedrons can be easily tuned by changing the number of RNA base pairs per edge. Melting experiments revealed its high thermodynamic stability. Aptamers, ribozyme, and siRNA were successfully incorporated into the RNA tetrahedron with their correct folding and optimal functionality. Cellular binding and biodistribution study showed that the RNA tetrahedron functionalized with EGFRaptamer targeted orthotopic breast tumors without detectable accumulation in other healthy organs. These results suggest that 3D RNA tetrahedron nanoparticles have the potential to escort imaging modules and therapeutics for in vivo cancer diagnosis and therapy.
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